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Spray cooling has been widely employed in many applications due to its high flux 
removal ability. A previous study has been conducted to reveal the large-scale 
spray cooling performance of an industrial used single nozzle. Continuously, in-
fluence of multiple-nozzle distribution has also been numerically investigated in 
present work. The mean heat flux and its standard deviation and uniformity are 
used to qualify the cooling performance. A flat wall with 1.6 m in length and 1.0 m 
in width has been taken as the research object. Effects of nozzle number, distance 
and offset have been parametrically compared. It is found that increasing nozzle 
number could promote mean heat flux, improve the uniformity of cooling patterns 
and enhance heat transfer performance. A best nozzle number of 10 could be ob-
tained by an equation fitting. Decreasing nozzle distance turns out to be detrimen-
tal to heat transfer. The reason comes from the collisions and interactions of two 
too adjacent nozzles. Based on choices in real practice, two types of arrays i. e. 
perpendicular and skew array have been discussed and compared. It is concluded 
that the skew array could obtain higher heat flux with more uniform distribution.
Key words: multiple-nozzle distribution, large-scale, spray cooling,  

numerical investigation

Introduction

Due to fast heat-removal ability, spray cooling has been widely used in many appli-
cations such as electronic chip cooling [1] and alloy quenching in metallurgy [2]. Considerable 
studies including four main aspects as followed have been conducted for well understandings 
of spray cooling and its related topics.

Firstly on formation, spray cooling appears when liquid like water is atomized by 
specific devices such as nozzles into plenty of fine droplets which then impact a heated sur-
face, spreading, forming a thin liquid film and evaporating [3] and secondly on spray cooling 
mechanisms. According to liquid boiling curves, four regimes have been discovered including 
single-phase liquid cooling regime and nucleate boiling regime with high fluxes at low tem-
peratures and transition boiling regime and film boiling regime with relatively-low fluxes at 
relatively-high temperatures [4, 5]. Thirdly on quantification and prediction of spray cooling 
performance, many efforts have been spent by Rybicki and Mudawar [6] on building correla-
tions in single phase regime, nucleate boiling regime, transition boiling regime and film boil-
ing regime [7] on experimental and theoretical investigations. Summaries could be found in 
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reference [2]. Lastly on spray cooling enhancement, one way is to improve cooling medium 
characteristics such as employing Nanofluids for instead [8, 9] and mixing surfactants in proper 
concentration [10]. Another way is to alter the heated surface structure like promoting surface 
roughness [11] and processing fins [12, 13] and other micro structures [14].

Here a typical application of spray cooling is given. Figure 1 shows a schematic of ro-
tary drum spray cooler (RDSC) with direct-reduced iron (DRI) material in granular bed. It is al-
ways meters in diameter and tens of meters in length. The material will be cooled from 1400 K  
to about 500 K. It is a key equipment in rotary hearth furnace technique [15] for process-
ing iron-containing wastes in steelworks. The cooling device before RDSC is called waterfall 

rotary drum cooler (WFRDC). Different with 
RDSC, water falls along, other than sprays to, 
the drum wall. Heat removes mainly by convec-
tion. Comparing with WFRDC, the RDSC has 
many advantages such as higher heat transfer 
performance, lower size and occupied area, less 
energy consumption and longer working life. 
Hence it is patented and has already applied in 
many DRI production-lines of steel-making in-
dustry in China.

During the design, operation, improvement and optimization of the RDSC, many prac-
tical problems have been encountered. For example when configuring spray system, the spray 
cooling performance needs to be evaluated conservatively at least and moreover, well under-
standings have to be established for effects of nozzle parameters such as nozzle number, nozzle 
distance and nozzle distribution. Even through the aforementioned studies have obtained some 
achievements, developed spray cooling technology and helped understanding fundamentals of 
spray cooling, their results cannot be directly introduced into the large-scale industrial applica-
tion without any similarity criterions because they are on basis of laboratory-scale experiments 
on small surfaces. Anyway the spray system is so much different on large industry-scale RDSC. 

The large-scale spray cooling for a single 
nozzle on RDSC has been numerically investi-
gated [16]. Evaluation of spray cooling perfor-
mance for single-nozzle becomes available. It 
is also revealed that the spray cooling perfor-
mance on drum wall surface is almost same as 
that on a flat one when the wall curvature or the 
ratio of drum diameter to spray height is small 
[2]. Therefore, the drum wall could be unfolded 
to be flat for convenience. Figure 2 gives the 
schematic of flatten surface for drum wall in 
fig. 1. The heat dissipation flux shows different 
on different positions. Good nozzle configura-
tions are strongly necessary to make relatively 

isothermal wall boundary in drum circumference direction. 
Based on the previous study [16], this work focuses on multiple-nozzle distributions 

like nozzle number and distance aiming to solve the nozzle configuration problems encountered 
in real practices. Efforts are made for creating new insights that will help guide, design, operate 
and optimize large-scale spray cooling applications. 

Spray nozzles Rotary deum wall Spray impact areas

Figure 1. Schematic of cooling system in spray 
cooling rotary drum
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Figure 2. Schematic of flatten surface based on 
drum wall along with its circumference; the 
circles with dots inside indicating spray impact 
areas; the nozzle distance, number and offset 
will be studied
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Model description

In present study the Euler-Lagrangian method is employed based on ANSYS Fluent 
package release 17.0 [17].

Governing equations

The standard k-ε model with time-averaged Navier-Stokes equations and standard 
wall functions as near-wall treatment is used. Governing equation details of the theory model 
are described in reference [16, 17]. 

In discrete phase, trajectories of droplets are controlled by the forces acting on them 
and the governing equations could be given in Lagrangian reference frame:
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The droplets will follow three different laws including evaporation, inert heating and 
boiling based on varied thermal conditions. The droplet temperatures would be updated by the 
heat balance equation:
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Coupling between the continuous phase and the discrete phase is considered. After 
the discrete enters into the continuous, the two-phases interact with each other in the aspects of 
mass, momentum and energy. The corresponding changes:

,0
,0

p
p

p

m
M m

m
∆

=  (6)

2

18 Re ( )
24

D
p p

p p

CF u u m t
d

βµ
ρ

  = ∑ − ∆ 
  

 (7)

( )
poutin

p out p

ref ref

,0
pyrol

,0

d d
p

in

TT
p

p fg p p p p
p T T

m
E m h h m c T m c T

m

 
= ∆ − + − 

  
∫ ∫



(8)

The typical SIMPLE algorithm is used for pressure-velocity coupling. During spatial 
discretization, a first order upwind scheme is employed for turbulent kinetic energy and dissi-
pation rate, while a second order upwind scheme for momentum and energy.
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Wall boundary of discrete phase

Wall boundary of discrete phase is of much importance in simulating spray cooling 
on a wall surface. For spray-wall interaction, the wall-film boundary is applied. It is a specific 
boundary condition for simulation of liquid droplets colliding with walls and forming thin 
films, which is a proper choice for present study of spray cooling. The discrete phase model 
(DPM) particles are employed to model the wall-film. The model allows a single component 

liquid drop to impinge upon a boundary surface, 
form a thin film and do heat and mass transfer. 
Four main mechanisms are included in whole 
processes which are stick, rebound, spread, and 
splash according to impact energy and wall tem-
perature. Figure 3 schematically shows the basic 
mechanisms considered for the wall-film model. 
Details of the wall-film model theory could be 
found in reference [17].

Simulation conditions

A flat wall with 1.6 m in length and 1.0 m in width is focused. The wall temperature 
keeps unchanged as 673 K. Figure 4(a) shows the system boundary conditions. Natural industry 
water in 283 K is served and sprayed by solid-cone pressure swirl nozzles which are widely 
used due to simple geometry and excellent atomizing performance [18]. The nozzle parameters 
include orifice diameter 2.0 mm, spray angle 60°, spray height 0.36 m, upstream pressure 0.6 
MPa and flow rate 0.1 kg/s.

Presure

outlet

boundary

Steel wall

- Temperature boundary conditions

- Wall �lm + modelheat transfer

Discrete

phase (DPM)0
.4

 m

1.6
m

1.0 m

Velocity inlet boundary

Presure

outlet

boundary

Water �ow

(a) (b)

Figure 4. (a) Schematics of the boundary conditions of simulated system (standard atmosphere) and 
(b) the computational mesh

A structured mesh of 1475000 elements with local refinement in computational do-
main is employed, fig. 4(b). The grid convergence index (GCI) method explained by Roache 
[19] has been used to assure the mesh independence. The GCI is given:

1
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in which Fs is safety factor with a suggested value 3.0 for comparison of two grids, p – the 
order of convergence and has a numerical value of two, ε and r are, respectively, the relative 
error of solutions and the mesh refinement ratio (r > 1). The GCI needs to be determined at the 
least stable region in computational domain, which makes sure that mesh in other regions has 
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Figure 3. Schematic of mechanisms in wall-film 
boundary theory
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little influence on results. The whole domain is chosen for convenience. Two cases with mesh 
refinement ratio as about 1.5 have been calculated and the mean heat fluxes are compared. The 
maximum GCI is approaching 4.8%. The small value indicates that the computational domain 
is already in mesh independence [19].

The transient computation proceeds by calculating firstly the continuous phase flow 
field. Then the DPM is introduced and its arguments like trajectory and velocity would be de-
fined by coupling computing. The changes of mass, momentum and energy will be added as 
source terms into continuous phase flow. The whole computation ends until convergence occurs 
by monitoring the droplet flows and heat transfer processes.

Results and discussions

The validity of the proposed numerical model for spray cooling has been demon-
strated in our previous work [16]. Therefore, the model verification part has been omitted for 
concise. The heat transfer performance under different circumstances is focused in this work. 
In particular, the mean heat flux and its standard deviation (STD) and uniformity index on the 
wall surface are analysed after the simulations are converged. 

The mean heat flux is calculated by computing the time average (mean) of the instan-
taneous values of heat flux. The STD is obtained using:
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besides, the uniformity index of mean heat flux γq ̄  represents how the heat flux varies over the wall:
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where qx ¯ is the cell value of mean heat flux at each facet, x – the facet index of the domain sur-
face with n facets, and qa ¯ is the average value of  qx ¯ which is given:
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The three augments as evaluation of heat transfer performance would be discussed in 
following sections.

Effect of nozzle number on spray cooling performance

The nozzle number is an important configuration parameter of spray cooling system. 
Excessive nozzles would result in at least dense distributions, high nozzle costs and great risk of 
nozzle issues. On the other hand insufficient nozzles may lead to low overall heat transfer speed. 
Figure 5 gives the mean heat fluxes from 2-12 nozzles with increment as 2 nozzles. The row 
distance in 5(b)-5(f) keeps the same as 0.4 m while the column distance varies from each other 
to makes to nozzle arrangement more uniform. Figure 6 shows the variation of area-weighted 
average mean heat flux over nozzle number. As expected, increasing nozzle number would 
enhance the wall surface heat flux. The wall is wide enough and more nozzles obtain larger 
spray impact areas (heat transfer areas) and improve heat transfer performance. However since 
the wall has a limited area, the heat flux cannot rise all the time with more and more nozzles. 
The collisions between two nozzle sprays would become remarkable and influence each other 
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resulting lower impact velocities and heat transfer rates, see figs. 5(e) and 5(f). It is inferred that 
excessive nozzles will result in bad spray cooling performance. The relationship between mean 
heat flux and nozzle number could be fitted well by y = –463.2x2 + 9702x + 2.46 ⋅104, which 
makes the optimum nozzle number close to 10. The result could give significant guidance in 
similar circumstances when designing spray cooling system.

2.8x10
+05

2.6x10
+05

2.4x10
+05

2.2x10
+05

2.0x10
+05

1.8x10
+05

1.6x10
+05

1.4x10
+05

1.2x10
+05

1.0x10
+05

8.0x10
+04

6.0x10
+04

4.0x10
+04

2.0x10
+04

Mean heat �ux

Wm
–2

(e) (f )

(c)

(a)

(d)

(b)

        

M
e

a
n

 h
e

a
t

�
u

x
[W

m
]

–
2

8.0x10
4

7.0x10
4

6.0x10
4

5.0x10
4

4.0x10
4

3.0x10
4

2 4 6 8 10 12
Nozzle number

The STD of mean heat flux increases with nozzle number from 1-10 and then starts 
to decrease from 10-12. It should be noted that the STD rises a little from 2-4 nozzles while it 
improves dramatically from 4-10 nozzles, see fig. 7(a). The reason this difference should be 
the array change in rows and in columns. The uniformity index of mean heat flux increases 
at from 1-6 nozzles and then gradually decreases to 12 nozzles, see fig. 7(b). Improving noz-
zle arrangement promotes the impacting uniformity of spray droplets. However continually 
increasing nozzle number may reduce the uniformity due to the aforementioned remarkable 
collisions and disturbance between close sprays. The overall variation of uniformity is small 
(less than 7%) and the uniformity index cannot be well enough because of the non-uniformity 
essence in sprays.
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Figure 7. Variation of standard deviation; (a) and uniformity (b) of mean heat flux over nozzle number

Effect of nozzle distance on spray cooling performance

The nozzle distance (ND) between 4 nozzles as two groups is discussed in this sec-
tion. The row distance in each group keeps the same as 0.4 m while the distance in column 

Figure 5. Contours of mean heat flux under 
different nozzle numbers (2 to 12 nozzles with 
increment 2 nozzles are shown, respectively)

Figure 6. Variation of area-weighted average 
mean heat flux on nozzle number; the solid line 
is fitted as y = –463.2x2 + 9702x + 2.46  ⋅ 104
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changes. Figure 8 shows the contours of mean 
heat fluxes in different nozzle distances, in base 
case nozzle distance equals to 0.6 m, seen in fig. 
5(b). When the column distance is 0.4 m, the 
nozzles locates on the four vertexes of a square, 
fig. 8(a). The heat flux distribution also shows 
similar as a square. When the column distance 
increases, the two groups of nozzles start to 
keep away from each other, fig. 8(b). The heat 
transfer patterns begin transforming into rect-
angles until the interaction between two groups 
disappears, fig. 8(d). Figure 9 shows the vari-
ation between mean heat flux and nozzle dis-
tance. It can be seen that the area-weighted 
average mean heat flux increases with nozzle 
distance. The relationship can be fitted well 
by an exponential equation which is given as  
y = 53318 – 70087.43e–5.7x. The maximum val-
ue is about 5.33 × 104 W/m2, no matter how 
great the distance is, which can be easily under-
stood because once the distance is larger than a 
certain value, the two group nozzles cannot in-
fluence each other and the total heat flux would 
keep unchanged.

Figure 9 shows the STD, fig. 9(a) and 
uniformity, fig. 9(b) of mean heat flux under 
different nozzle distances. The STD rises a little 
by 4.3% from 3.4 ⋅104 W/m2 at 0.4 m to 3.17 ⋅104 W/m2 at 0.5 m. Then decreases by 11.7% to 
2.8 ⋅104 W/m2 at 0.6 m. Then increases again. The uniformity keeps growing from 0.77 at 0.4 
m to 0.82 at 0.6 m and then starts to reduce. The one peak changing demonstrates there is an 
optimum uniform distribution of heat flux in the simulated range. Based on data in two figures, 
it could be found that the STD and the uniformity of mean heat flux show best when the nozzle 
distance is 0.6 m. In a similar way, the variation keeps in a small range, less than 7%, indicating 
the non-uniformity nature in sprays shows prominent and cannot be ignored.

0.4 0.5 0.6 0.7 0.8

Nozzle distance [m]

5.3x10
4

5.2x10
4

5.1x10
4

5.0x10
4

4.9x10
4

4.8x10
4

4
4.7x10

4
4.6x10

M
e

a
n

 h
e

a
t

�
u

x 
[W

m
]

–
2

(a) (b)

(c) (d)

2. x103
+05

2.0x10
+05

.1 8x10
+05

1.5x10
+05

1.2x10
+05

9.8x10
+04

702x10
+04

4.6x10
+04

2.0x10
+04

Mean heat �ux

Wm
–2

Figure 8. Contours of mean heat fluxes under 
different nozzle distances;  (a) ND =  0.4 m,  
(b) ND =  0.5 m, (c) ND =  0.7 m, and  
(d) ND = 0.8 m
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Effect of nozzle offset  
on spray cooling performance

Nozzle array has been turned out to be of 
much significance to heat transfer performance 
[20]. Two styles based on real practical choic-
es are considered. One is perpendicular like the 
cases in former sections. Vertexes of adjacent 
nozzle positions constitute squares or rectangles. 
The other is skew. Vertexes of adjacent nozzle 
positions constitute parallelograms. Figure 11 
shows heat transfer patterns under different noz-
zle offsets (NOF), definition in fig. 2. The case 
with nozzle offset 0.0 m refers to perpendicular 
nozzle arrangement while the other three cases 
are skew arrangement. The mean heat fluxes are 
compared in fig. 12. It could be found that when 
nozzle offset grows, the spray cooling perfor-
mance continually improves, even though the 
amount of increase is limited about 4.4%.

The corresponding STD, fig. 13(a) and 
uniformity, fig. 13(b) of mean heat fluxes have 
been recorded. The STD increases by about 
16% from nozzle offset 0.0 to 0.1 m and then it 
starts to weaken with small amount, 2.6%. The 
uniformity reduces a little from nozzle offset 0.0 
to 0.1 m and then gradually rises to 0.82 at noz-

zle offset 0.3 m. The amount of increase of uniformity is, however, small because of not only 
the aforementioned non-uniformity essence of sprays but also a special nozzle position. For 
example, in fig. 11(d) when the nozzle offset equals to 0.3 m, three nozzles including two in 
the first row and the right one in the second form a good distribution, which helps improving 
uniformity of heat flux. However, presence of the last nozzle weakens this help. Even so, it can 
be inferred that the simulation results would be more prominent if the first three nozzles are em-
ployed. Anyway, compared with perpendicular arrangement, the skew one could obtain larger 
heat flux, better uniformity and more outstanding spray cooling performance.
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Figure 12. The relationship between the mean 
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Conclusions

Effect of nozzle arrangement has been investigated via numerical simulations. Para-
metric studies have been carried out on three aspects including different nozzle numbers, dif-
ferent nozzle distances and different nozzle offsets. The mean heat flux and its STD as well as 
uniformity on the wall surface have been used to evaluate the spray cooling performance. It is 
found that increasing nozzle number could promote the heat flux and improve its uniformity. 
An optimum nozzle number is found by a fitting equation for the simulated wall surface. With 
nozzle distance reducing, collisions and interaction between adjacent nozzles become signifi-
cant which is not helpful for improve heat transfer rate. Based on the simulated results, a proper 
distance is discovered to be good to both spray cooling performance and uniformity of heat 
transfer patterns. The skew nozzle array is proved to obtain higher heat flux and get better uni-
formity than perpendicular nozzle array.

All the simulated results are based on problems in real practices of RDSC. The find-
ings are meaningful and useful for the designing, running, operating and optimization of the 
equipment. They also show much guidance to similar spray cooling system.
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Nomenclature

E  –  heat energy, [J]
CD  –  drag coefficient, [–]
dp  –  particle diameter, [m]
F  –  force on particle in control volume, [kgms–2]
hfg  –  latent heat, [Jkg–1]
k  –  thermal conductivity, [Wm–1K–1]
M  –  particle mass change in control   

volume, [kgs–1]
ṁp  –  mass-flow rate of particles, [kgs–1]
ṁp,0  –  initial particle mass-flow rate, [kgs–1]
mp,0  –  initial mass of particle, [kg]
Δmp –  mass change of a particle as it passes 

through each control volume, [kg]
Pr  –  Prandtl number of continuous phase, [–]

Re  –  relative Reynolds number, [–]
T –  temperature, [K]
Δt  –  time step, [s]
u  –  fluid velocity, [ms–1]

Greek symbols

ε –  emissivity, [–]
µ –  molecular viscosity of the fluid, [kgm–1s–1]
ρ  –  density, [kgm–3]
σ –  Stephen Boltzmann constant, [Wm–2K–4]

Subscripts

f  –  continuous fluid phase
p  –  particles /droplets
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